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Abstract
We examine, in a number of Standard Model extensions, whether the decays A →
WW/ZZ of a neutral pseudoscalar (Higgs) resonance can have branching ratios at the
percent level and we determine the possible size of B(A → WW/ZZ) relative to the
respective branching ratios of a scalar boson H . The branching ratios of the these
decay modes and the total widths ΓA, ΓH are computed in the minimal supersymmetric
extension of the SM, in a type-II two-Higgs doublet extension (2HDM), in a 2HDM with
4 chiral fermion generations, in a 2HDM with additional heavy vector-like quarks, and
in a top-color assisted technicolor model. We find that in the above non-supersymmetric
models B(A → WW ) can be about 2%, while B(A → ZZ) . 10−3. The ratio B(A →
WW )/B(H → WW ) can be of order 10% in large regions of the parameter space of
the models.
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1 Introduction
The search for Higgs bosons or, more general, (spin-zero) resonances is among the
major physics goals of present-day collider physics, as the existence of such resonances
and exploration of their properties (quantum numbers, production and decay modes)
would yield decisive clues for unraveling the mechanism of electroweak gauge symmetry
breaking (EWSB). There is an exhaustive phenomenology of the production and decay
modes of the standard model (SM) Higgs boson; likewise, there are extensive theoretical
studies of these issues for spin-zero (Higgs) particles predicted by popular SM extensions.
(For reviews see, e.g., [1] and [2, 3, 4], respectively.)
For the SM Higgs boson H with a mass mH & 130 GeV, signatures from the decay
modes4 H → WW (∗)/ZZ(∗) have the highest discovery potential for this particle at the
Large Hadron Collider (LHC) [6, 7]. Concerning non-standard neutral Higgs particles
the situation is, especially in view of unknown model parameters, less clear as to which
decay channel is, for a specific production mode, the most promising one. However, as
is well-known, for a pseudoscalar Higgs boson A it is expected that the decays A →
WW/ZZ are strongly suppressed. This is because the couplings AV V (V =W,Z) must
be loop-induced, and they turn out to be very small in two-Higgs doublet extensions
(2HDM) and the minimal supersymmetric extension (MSSM) of the SM [8, 9]. In view
of this conventional wisdom one might be inclined to conclude that the discovery of
a spin-zero resonance in the WW and/or ZZ channel immediately suggests that this
resonance is a scalar, i.e., a JPC = 0++ state. We hasten to add that many suggestions
and phenomenological studies have been made how the spin and the CP parity of a
resonance can actually be measured in these channels [3, 10, 11, 12, 13, 14, 15, 16, 17].
In this paper, we examine whether the decays of a neutral pseudoscalar intoWW/ZZ
can have branching ratios at the percent level and analyse the possible size of B(A →
WW/ZZ) relative to the respective branching ratios of a scalar boson H . We analyze
this in the context of several phenomenologically viable SM extensions. Concerning
the scenario that EWSB is triggered by elementary Higgs fields, we choose a Higgs
sector which is composed of two SU(2) doublets. For the convenience of the reader we
first reexamine B(A → V V ) in 2HDM and the MSSM. Our analysis for models with
additional heavy (exotic) quarks and leptons is new, to the best of our knowledge. We
choose top-color assisted technicolor models (TC2) [18] as a paradigm for models that
predict a relatively light composite pseudoscalar.
We assume here that the dynamics of the EWSB sector of the Yukawa interactions is
such that the electrically neutral Higgs resonances are CP eigenstates in the mass basis,
at least to very good approximation. If the Higgs sector violates CP then, as is well
known, the neutral spin-zero mass eigenstates are, in general, a mixture of a CP-odd
and CP-even component, of which the latter has tree-level couplings to WW/ZZ.
4For state-of-the-art predictions for H →WW/ZZ → 4 fermions, see [5].
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The paper is organized as follows. In Sect. 2, we compute for the above models the
branching ratios B(A→ V V ) for masses mA ≥ 200GeV. We estimate the maximal size
of these branching ratios and the total width ΓA within a given model. For comparison
we also determine the branching ratios H → V V of a scalar H with mass mH ≃ mA
and its width ΓH . We conclude in Sect. 3. In an appendix we list for the convenience
of the reader, for our model with vector-like quarks, the couplings of these quarks to
Higgs bosons.
2 Models and results
First, we collect a few basic formulae needed in the next section. Lorentz covariance
dictates that the amplitude for the decay of a spin-zero state φ into a pair of vector
bosons, φ(p)→ V (p1)V (p2) (V = W,Z) contains in general three form factors:
iMV V = f1,V V ε∗1 · ε∗2 + f2,V V (p1 · ε∗2)(p2 · ε∗1) + f3,V V εµνρσpµ1pν2ε∗ρ1 ε∗σ2 , (1)
where ε1 and ε2 are the polarization vectors of the vector bosons. For a pseudoscalar,
φ = A, the form factors f1,V V and f2,V V vanish if CP is conserved. Defining for this
case the effective dimensionless coupling CV V by
f3,V V ≡ e
sWmW
CV V , (2)
where sW (cW ) denotes the sine (cosine) of the weak mixing angle, one obtains for the
decay rate of a pseudoscalar into a pair of on-shell vector bosons:
Γ(A→ V V ) = rV GF
8
√
2π
m3Aβ
3
V |CV V |2 , (3)
where βV = (1− 4m2V /m2A)
1
2 and rV = 2 (1) for V = W (Z).
In gauge theories, or more general in renormalizable theories, the coupling f3,V V is
not present at tree level, but must be induced by loop corrections. In the bosonic sectors
of the SM extensions considered in the next section, C and P are separately conserved.
Thus, the bosonic sectors of these theories cannot induce, at any order, a non-zero AV V
coupling – it requires fermions which, through their C- and P-violating couplings to W
and Z bosons, generate f3,V V 6= 0 at 1-loop order. If the Yukawa couplings of A are
of the Higgs-boson type, then CV V exhibits the well-known non-decoupling behaviour
of Higgs boson interactions. In this case, CV V does not vanish for heavy fermion(s)
circulating in the loop, but becomes independent of the internal mass(es).
For completeness we also list the rates of the decays of a scalar (Higgs) bosonH into a
WW and ZZ, as we will compare the A,H → V V branching ratios in the next section.
The HV V amplitude at Born level can be parameterized by 2m2V
√√
2GFhV V ε
∗
1 · ε
∗
2,
2
where hV V is a dimensionless coupling which is equal to one in the SM. The tree-level
decay rate is
Γ(H → V V ) = rV GF
16
√
2π
m3HβV
[
β2V + 12
m4V
m4H
]
h2V V . (4)
Below we shall discuss SM extensions with two SU(2) Higgs doublets as a paradigm
for an extended Higgs sector, with a dynamics such that the physical spin-zero mass
eigenstates are also CP eigenstates. That is, the Higgs boson spectrum contains, apart
from a charged Higgs-boson pair H±, two CP-even states h,H and a CP-odd state A.
The mass of A is assumed to be mA ≥ 200GeV. For comparison, we consider also the
decay of the heavier of the two CP-even Higgs bosons, denoted by H , into W+W− and
ZZ. We define the ratios
RV =
B(A→ V V )
B(H → V V ) , (5)
for comparing the respective branching ratios of A and H .
We will also consider top-color assisted technicolor, which is a phenomenologically
viable model for “dynamical” gauge symmetry breaking. The spin-zero particle spectra
of this class of models contain a triplet of “top pions”, Π0,±, of which Π0 takes the role
of the pseudoscalar A, and a scalar bound state, the “top Higgs” Ht, with a mass of the
order of a few hundred GeV.
Throughout this paper we will use the following SM parameters:
1/αem = 137.036 , αs = 0.118 ,
mZ = 91.19GeV , mW = 80.40GeV ,
mt = 172.6GeV , mb = 4.79GeV , mτ = 1.78GeV , Vtb = 1 . (6)
In view of the small Yukawa couplings of the quarks and leptons of the first and second
generation, their interactions with the Higgs resonances can be neglected in the analysis
below. For the calculations we used FeynArts [19, 20] in combination with FormCalc
and LoopTools [21, 22].
2.1 Two-Higgs doublet extensions
We consider here a type-II two-Higgs doublet extension (2HDM) [23] of the SM (with
CP-invariant tree-level Higgs potential), where by construction flavour-changing neutral
current interactions are absent at tree level. The Higgs sector of this model involves,
besides the masses of the charged and the three neutral Higgs bosons, three more free
parameters, which are commonly denoted as tanβ, α and λ5. The parameter tanβ is
the ratio vu/vd, where vu,d are the vacuum expectation values of the neutral components
of the Higgs doublet fields Φu,d. The angle α describes the mixing of the two CP -even
3
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Figure 1: Diagrams that contribute in the MSSM to the decay A→ WW . In the 2HDM the
1-loop decay amplitude is due to the diagrams (a–c) only. As we consider decays to on-shell
gauge bosons, diagrams involving the AZ transition amplitude are absent.
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Figure 2: Diagrams that contribute in the MSSM to the decay A → ZZ. In the case of
charged particles in the loop the diagrams with reversed charge flow have been omitted. In
the 2HDM the 1-loop decay amplitude is due to the diagrams (a–c) only.
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Figure 3: The branching ratios for H → WW,ZZ (left) and A → WW,ZZ (right) in the
2HDM as functions of tan β for mH = mA = 250GeV, mh = 160GeV, and α = −pi/4.
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neutral Higgs states which leads to the mass eigenstates h and H . The parameter λ5 is
a dimensionless coupling from the term
λ5(
1
2
(Φ†dΦu + Φ
†
uΦd)− vuvd)2 (7)
in the Higgs potential.5
The decays A → WW and A → ZZ are mediated by the 1-loop diagrams (a-
c) of Fig. 1 and Fig. 2, respectively. For computing the branching ratios B(A,H →
WW/ZZ), we need to determine the total widths of A and H . For this purpose the
following decays should in addition be taken into account, if kinematically possible:
H →W±H∓, hh, bb¯, τ τ¯, tt¯, gg,
A→W±H∓, Zh, bb¯, τ τ¯, tt¯, gg . (8)
Apart from the gg mode, these decays are induced already at tree level. The H,A→ gg
decay amplitudes are given by diagrams analogous to Fig. 2 (b,c) and are dominated
by the top-quark loop for small and moderate values of tan β. For definiteness we put
the mass of the light scalar Higgs boson
mh = 160GeV . (9)
As our goal is to investigate how large the branching ratios B(A → WW/ZZ) and
the ratios RW , RZ defined in (5) can become, we choose the mass of H
± such that the
decays A→ W±H∓ are kinematically forbidden. (In fact, a charged Higgs boson with
a mass below 315 GeV is excluded in the 2HDM on empirical grounds [24].)
First we consider a relatively light pseudoscalar A and, for comparison, a scalar H
of the same mass: mA = mH = 250 GeV. Then, apart from A,H → W±H∓, also
the channels A → Zh, tt¯ and H → hh, tt¯ are closed in view of the chosen Higgs-boson
masses. The resulting branching ratios for H,A→ WW/ZZ are shown as functions of
tanβ in Fig. 3, for a fixed mixing angle α = −π/4. For small tanβ the total H decay
width is dominated by the decays H →WW,ZZ. (The gg mode contributes about 6%
for tanβ = 0.1.) As the Born amplitudes of both modes are proportional to cos(β − α)
the branching ratios B(H → V V ) are almost constant in that region. For |β−α| = π/2,
i.e., tanβ = 1 for our choice of α, the Born amplitudes vanish, which causes the sharp
dip in Fig. 3 (left panel). The one-loop corrections render the amplitude non-zero, and
we expect B(H → V V ) ≈ B(A → V V ) in that region of parameter space. For large
tanβ the width of H → bb¯ gets bigger and eventually exceeds those of H → V V . As a
result the H →WW,ZZ branching ratios decrease for large tanβ.
The total A decay width is dominated, for small tan β, by the contribution from
A → gg. The A → WW,ZZ, gg decay amplitudes are essentially determined by the
diagrams where A couples to the top quark, i.e., they are are all proportional to cot β.
5See [23] for details.
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Thus the branching ratios of A → WW,ZZ are approximately constant for tanβ . 1.
For tanβ > 1 the A → WW,ZZ, gg partial widths get smaller with increasing tanβ
and the (tree-level) A → bb¯ partial width, which is proportional to tan2 β, begins to
dominate. As a result the branching ratios B(A→ WW,ZZ) decrease for tanβ > 1 in
the range shown in Fig. 3.
In Fig. 4 the branching ratios of H,A→ WW/ZZ are shown as functions ofmH,A for
three different values of tanβ. In order to exclude the region around |β − α| = π/2 we
put α = β−π/4. The mass of h is again chosen to be mh = 160 GeV. Fig. 4 shows that,
once the decay channel H → hh is open, the branching ratios B(H → V V ) decrease
significantly if tanβ is markedly smaller or larger than one, because in a generic 2HDM
the H → hh amplitude is proportional to 1/ sin 2β, so that H → hh dominates the total
width ΓH , if tan β is small or large. Note, however, that the Hhh vertex also contains
a term proportional to λ5. Here we set
λ5 = 0 , (10)
but it is also possible to tune λ5 to cancel the enhancement factor 1/ sin 2β. In fact,
this is precisely what happens in the MSSM, where λ5 is no longer an independent
parameter.
As far as A is concerned, the opening of A→ Zh (the amplitude of which is propor-
tional to cos(β − α)) has a less dramatic effect on the A→ V V branching ratios. Once
A → tt¯ is kinematically possible, they drop, however, significantly if tanβ is not very
large.
For completeness we show in Fig. 5 the total widths of A and H as functions of mφ
(φ = H,A) for tan β = 0.2, α = β − π/4 and mh = 160GeV. We see that the H total
width increases rapidly when the H → hh channel opens. As pointed out above, this is
due to the 1/ sin 2β enhancement of the Hhh vertex. The total width of A increases even
more dramatically when the A→ tt¯ channel opens. This only happens for small values
of tan β, where the Att¯ coupling is enhanced. In fact, for large tanβ and mA > 2mt
the width ΓA very quickly gets as large as mA so that the pseudoscalar Higgs would no
longer be visible as a resonance.
We conclude that in the 2HDM the branching ratios B(A → WW ) . 10−2 and
B(A→ ZZ) . 10−3. In the case of the WW final state the percent level can be reached
if mA ≤ 2mt. The corresponding branching ratios of the heavy scalar Higgs boson H
with a mass 2mV < mH < 2mt can be quite small, B(H → WW ) & 6 × 10−2 and
B(H → ZZ) & 3×10−2, if tanβ is significantly smaller or larger than one and H → hh
is kinematically possible and enhanced. Then this mode dominates the total width ΓH ,
which gets rather large. In this case and for parameters as in Fig. 4 the ratios (5) are
RW . 0.17 and RZ < 0.03. However, in a small region of parameter space, in the close
vicinity of |β − α| = π/2, these ratios can be even of order one.
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Figure 4: The branching ratios for H → WW,ZZ (left) and A → WW,ZZ (right) in the
2HDM as functions of mH and mA, respectively, for three different values of tan β. The mixing
angle α is chosen such that α = β − pi/4, and mh = 160GeV.
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Figure 5: The total widths of H and A in the 2HDM as functions of mφ (φ = H,A) for
tan β = 0.2, α = β − pi/4 and mh = 160GeV.
2.2 The MSSM
In the MSSM the masses of the neutral Higgs bosons and the mixing angle α are no
longer independent parameters. At tree level they can be expressed in terms of the
charged Higgs-boson mass mH± and tan β as follows:
m2A = m
2
H± +m
2
W , (11a)
m2H,h =
1
2
[
m2A +m
2
Z ±
√
(m2A +m
2
Z)
2 − 4m2Zm2A cos2 2β
]
, (11b)
cos(2α) = − cos(2β)m
2
A −m2Z
m2H −m2h
, sin(2α) = − sin(2β)m
2
H +m
2
h
m2H −m2h
. (11c)
For MSSM scenarios with mH± ≫ mZ these equations yield
mA ≈ mH , β − α ≈ π
2
. (12)
The HWW and HZZ Born vertices are proportional to cos(β − α), as in the 2HDM.
Consequently the H → WW and H → ZZ branching ratios are naturally suppressed
in MSSM scenarios with heavy Higgs particles.
However, it is well known that the tree-level relations (11) are substantially modified
by loop corrections to the MSSM Higgs potential. These corrections are responsible for
pushing the the mass of the light Higgs boson above the current lower limit of≈ 115GeV
8
and have to be taken into account to obtain reliable results. The lower limit on mh
implies that tan β & 3 in the MSSM.
Here we used FeynHiggs version 2.6.5 [25, 26, 27, 28] to calculate all one-loop and
leading two-loop corrections to the neutral Higgs-boson self-energies in the MSSM and
extract from them the physical neutral Higgs masses, LSZ residues, and the resulting
effective mixing angle α. Our results for the partial widths of H and A were then
calculated with these effective parameters. It turns out that the approximations (12)
for mH+ being large are still valid if loop corrections to the Higgs potential are taken
into account. Consequently the factor cos(β−α) in the HV V vertices is still small. Our
SUSY parameters are chosen in such a way that the following mass bounds are satisfied:
mh & 115GeV , mχ+
1
& 100GeV , mχ0
1
& 50GeV , mt˜1 & 100GeV ,
mt˜2 , mq˜, ml˜, mν˜ & 500GeV . (13)
For this purpose, we fix the following soft masses and trilinear couplings:
µ = 200GeV , M1 =
5
3
tan2 θWM2 , mg˜ = 500GeV ,
MLi =MEi = MQi =MDi =MU1,2 = ALi = AU1,2 = ADi = 500GeV . (14)
Here µ, M1, and M2 are the soft SUSY breaking masses of the Higgs potential, ML
and ME are the soft masses of the left- and right-handed sleptons, MQ the soft masses
of the left-handed squarks, and MU and MD the soft masses of the right-handed up-
and down-type squarks. Likewise, AL, AU and AD are the trilinear couplings of the
sleptons, up-type squarks and down-type squarks, respectively. Furthermore mg˜ is the
gluino mass and i = 1, 2, 3 is a generation index. The relation between M1 andM2 is the
usual GUT relation. Note that the A → V V partial widths are affected directly only
by the parameters tanβ, µ, M1, and M2, because the only non-SM particles appearing
in the loop diagrams in Fig. 1 and 2 are the charginos and neutralinos.
We left mH± , M2, MU3 and AU3 unspecified in (14). Rather than choosing values
for these parameters directly, we will adjust them numerically to obtain specific values
for the pseudoscalar mass mA, the lightest Higgs-boson mass mh, the lightest stop mass
mt˜1 , and the lightest neutralino mass mχ˜01 . Throughout this section we use
mh = 115GeV , mt˜1 = 400GeV . (15)
The MSSM diagrams that contribute to A→ WW and A→ ZZ decays are shown
in figures 1 and 2, respectively. As we discussed in the 2HDM, the contributions from
loops involving t or b quarks are rather small for tanβ > 1. As a result the dominant
contributions to the A → WW,ZZ partial widths in the MSSM come from diagrams
with charginos or neutralinos in the loop, as long as their masses are not substantially
larger than mA.
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Figure 6: The MSSM branching ratios of the decays of H (left column) and A (right column)
into WW (first row) and ZZ (second row) final states as functions of tan β for the parameters
(6), (14), (15), and different combinations of mA and mχ˜0
1
.
10
Fig. 6 shows the branching ratios of H,A→ WW/ZZ as functions of tan β for the
parameters (6), (14), (15) and for different combinations of mA and mχ˜0
1
. The total
widths of A and H were calculated with FeynHiggs [25, 26, 27, 28]. In our scenario the
contributing decay channels are
H → bb¯, τ τ¯, tt¯, gg, χ+i χ−j , χ0iχ0j , hh ,
A→ bb¯, τ τ¯, tt¯, gg, χ+i χ−j , χ0iχ0j , Zh . (16)
For light χ˜01, tanβ & 5, and mH,A < 2mt the dominant contributions to the A and
H total widths come from the decays into bb¯, χ˜+1 χ˜
−
1 and χ˜
0
2χ˜
0
1, provided the latter are
kinematically allowed. For tan β & 15 the A and H total widths are dominated by the
bb¯ (∼ 90%) and τ−τ+ (∼ 10%) channels, as long as the tt¯ channel is closed. In the tanβ
range shown in Fig. 6 the total widths of A and H grow by approximately one order of
magnitude.
At the same time theH →WW,ZZ partial widths drop by approximately two orders
of magnitude because cos(β − α) becomes small. Nevertheless, for the parameters used
in Fig. 6, the one-loop contributions to H → V V are still smaller than the Born terms.
For large tan β and large mA,H the H → WW,ZZ branching ratios can actually be
smaller than the corresponding A branching ratios.
The A → WW,ZZ partial widths and hence the A → WW,ZZ branching ratios
are less sensitive to tanβ. However, B(A→WW ) < 10−4 and B(A→ ZZ) < 2× 10−5
for the parameters used in Fig. 6.
In Fig. 7 the branching ratios of A→WW,ZZ and A→ ZZ are shown as functions
ofmA for different values ofmχ˜0
1
. The kinks correspond to the opening of decay channels
into chargino or neutralino pairs. The drop in the branching ratio that is usually
associated with the opening of a new channel is less pronounced here, because whenever
the total width increases due to the opening of such a channel, a corresponding loop
diagram from Fig. 1 or 2 develops an imaginary part, which leads to an increase in the
A→WW,ZZ partial widths.
Fig. 8 shows the H and A total widths as functions of their mass for the parameters
(6), (14), (15), tanβ = 10 and mχ˜0
1
= 50GeV. The rapid increase of ΓH at the opening
of the H → hh threshold is absent here, because the MSSM constraints on the 2HDM
Higgs potential parameters tune λ5 in such a way that the enhancing factor 1/ sin 2β
cancels in the Hhh coupling. Since tan β is large here, the opening of the A → tt¯
threshold also has no dramatic effect on the A total width. As a result, the A and H
total widths stay below 6GeV in the whole mass range 250GeV ≤ mφ ≤ 500GeV.
From Figs. 6 and 7 we conclude that in the MSSM the decays A → WW,ZZ are
really rare, as the branching ratios B(A→WW ) . 10−4 and B(A→ ZZ) . 2× 10−5.
The branching ratios of the corresponding decays of the heavy scalar Higgs boson H
depend sensitively on the MSSM parameters, in particular on the value of tan β. In the
scenariomH± , mH , mA ≫ mZ the branching ratios B(H → WW,ZZ) are, formH = 250
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Figure 7: The branching ratios for A→WW (left) and A→ ZZ (right) as functions of mA
for the parameters (6), (14), (15), tan β = 10, and three different values of mχ˜0
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Figure 8: The H and A total widths in the MSSM as functions of mφ (φ = H,A) for the
parameters (6), (14), (15), tan β = 10 and mχ˜0
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GeV, about 0.09 and 0.04, respectively, for tanβ = 5, but drop below 10−3 for large
tanβ.
2.3 A heavy fourth generation
Recently, there has been renewed interest in the question of whether a sequential fourth
generation of chiral quarks and leptons (left-chiral doublets and right-chiral singlets)
with masses in the (few) hundred GeV range can exist, in spite of strong experimental
constraints (see, e.g., [29, 30]). In the following we shall denote the corresponding
fourth generation quark and lepton mass eigenstates by u4, d4, ℓ4, ν4. The strongest
constraints on the masses of these states come from direct searches at LEP2 and at
the Tevatron, and from electroweak precision observables. Non-observation at LEP2
implies the lower bounds mℓ4 > 100 GeV, mν4 > 90 GeV (for definiteness, we assume
ν4 to be a Dirac particle) [31], while searches for heavy quarks at the Tevatron yield
the mass limits md4 > 190 GeV [31] and mu4 > 311 GeV [32]. Strong constraints on
a fourth generation are also implied by the oblique electroweak corrections, i.e., by the
experimentally allowed values of the S, T and U parameters. While the mass splitting
of the IW = ±1/2 partners of a doublet need not be too large in order not to violate the
bound on the ρ parameter respectively on T , degenerate doublets are not acceptable,
too, because this would make the contribution δS to the S parameter too big. However,
ifmu4 > md4 andmℓ4 > mν4 then δS, δT can be brought in accord with the experimental
constraints.
In the following we consider a type-II 2HDM as in Sect. 2.1 with four sequential
quark and lepton generations. For our numerical analysis we use the following masses
for the fourth generation fermions:
md4 = 200GeV, mu4 = 320GeV, mℓ4 = 220GeV, mν4 = 180GeV. (17)
As in Sect. 2.1 we put mh = 160GeV and β − α = π/4.
Fig. 9 shows the H and A branching ratios into WW and ZZ as functions of the
decaying particle’s mass for different values of tanβ. The decays that contribute to
the total widths are the same as in (8), because we keep mH,A below the production
thresholds for the 4th generation fermions.
In order to discuss the contribution ∆CV V of the fourth generation fermions to the
amplitude CV V of the decay A → V V (see (2)), we may evaluate ∆CV V in the limit
where the masses of these fermions are much larger than the masses of the external
particles. Adding up the contributions of u4, d4, ℓ4, and ν4 we obtain:
∆CWW =
iα
6πs2W
(tan β + cotβ) , (18)
∆CZZ =
iα
6πs2W
(1− 3s2W + 4s4W )(tanβ + cotβ) . (19)
13
10−5
10−4
10−3
10−2
10−1
1
200 300 400
mH [GeV]
B(H → ZZ)
10−5
10−4
10−3
10−2
10−1
1
200 300 400
mA [GeV]
B(A→ ZZ)
10−4
10−3
10−2
10−1
1
200 300 400
mH [GeV]
B(H →WW )
10−4
10−3
10−2
10−1
1
200 300 400
mA [GeV]
B(A→WW )
tanβ = 0.2 tanβ = 1 tanβ = 5
Figure 9: Heavy Higgs-boson branching ratios in the 2HDM with a fourth generation of
chiral fermions. Shown are the branching ratios of H (left column) and A (right column) into
WW (first row) and ZZ (second row) as functions of the decaying particle’s mass for different
values of tan β. The remaining parameters are as given in the text.
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For the masses chosen above and in Fig. 9 , these formulae are in fact reasonable
approximations to the exact one-loop amplitudes. That is, the values forB(A,H → V V )
shown in Fig. 9 apply also to much heavier fourth-generation fermions.
Eq. 18 and 19 imply that u4, d4, ℓ4, ν4 make a significant contribution to the partial
widths Γ(A → V V ), especially for small or large tan β. These widths are larger than
those in the three-generation 2HDM of Sect. 2.1. On the other hand, u4 and d4 increase
also the partial width Γ(A → gg) as compared to the three-generation 2HDM, which
dominates the total width ΓA for small tanβ. For large tan β and the above choice of
masses, A → bb¯ makes the most significant contribution to ΓA, as is the case in the
three-generation 2HDM. Thus the branching ratios B(A → V V ) shown in Fig. 9 are,
for small tanβ, of similar size as those in the three-generation 2HDM shown in Fig. 4,
but are much larger than the corresponding ones in Fig. 4 for large tan β.
The branching ratios of H → V V lie between 20% and 70% for mH ≤ 2mh. For
extreme values of tanβ they decrease rapidly when the H → hh decay channel opens.
As in the three-generation 2HDM this feature relies on the fact that the Hhh vertex
is enhanced by 1/ sin 2β. For large tanβ the H → V V branching ratios drop again by
a factor of 2 when the H → tt¯ channel opens, since this channel is enhanced for large
tanβ. The behaviour of the total widths at these thresholds is essentially the same as
in the 3-generation 2HDM shown in Fig. 5.
In summary, the A branching ratios do not exceed 10−2 for the WW and 10−3 for
the ZZ final state. The ratios RW and RZ can reach 10% and 1%, respectively, if the
H → hh channel is open and enhanced but the decay A→ tt¯ is kinematically forbidden.
2.4 Vector-like Quarks
A more exotic possibility for new heavy fermions are vector-like quarks, i.e., quarks
whose left- and right-chiral components have equal gauge charges (see, e.g. [33, 34, 35,
36]). Such states are present in a number of SM extensions, including extra dimensional
models with bulk fermions [37] and Little Higgs models [38]. Quarks of this type may
exist with masses as low as a few hundred GeV; electroweak precision observables imply
only very mild constraints [39].
Here we extend the three-generation 2HDM by multiplets of vector-like quarks along
the lines of [34]. We add a SU(2)L doublet Q = (U,D) with hypercharge 1/6 and two
singlets D′ and U ′ with hypercharges 2/3 and −1/3, respectively. The couplings of the
vector-quarks to the electroweak gauge bosons are given by the SU(2)L×U(1)Y -invariant
Lagrangian
LVQ,gauge = Q¯i /DQ+ U¯ ′i /DU ′ + D¯′i /DD′ −MQQ¯Q−MU ′U¯ ′U ′ −MD′D¯′D′ , (20)
where /D denotes the covariant derivative. The explicit mass terms are allowed because
the left- and right-handed components of the vector-quarks transform under the same
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representation of the electroweak gauge group. We construct the Yukawa interactions
of the vector-like quarks with two Higgs doublets Φu = (φ
+
u , φ
0
u) and Φd = (φ
+
d , φ
0
d) in
analogy to the chiral quark sector of the type-II 2HDM, i.e.,
LVQ,Yuk = −yU ′Q¯LΦcuU ′R − yD′Q¯LΦdD′R − y˜U ′Q¯RΦcuU ′L − y˜D′Q¯RΦdD′L + h.c. , (21)
with Φcu,d = iσ2Φ
∗
u,d. The Yukawa couplings yU ′, yD′, y˜U ′ and yD′ can, in general, be
complex6. As we are not interested here in CP-violating effects, we take all Yukawa
couplings to be real. Then observables are invariant under the following parameter
transformations:
(yU ′, y˜U ′, yD′, y˜D′)→ (−yU ′,−y˜U ′, yD′, y˜D′) ,
(yU ′, y˜U ′, yD′, y˜D′)→ (yU ′, y˜U ′,−yD′ ,−y˜D′) ,
(yU ′, y˜U ′, yD′, y˜D′)→ (y˜U ′, yU ′, y˜D′, yD′) . (22)
Invariance of our model under the first two transformations can be shown by absorbing
the signs into the definitions of the singlet fields U ′ and D′, respectively, while invariance
under the last transformation follows from redefining the vector-quark fields by their
parity-transformed counterparts (U → γ0U , etc.).
When the Higgs doublets acquire vacuum expectation values 〈Φu〉 = (0, vu) and
〈Φd〉 = (0, vd) we obtain the following mass terms for the vector-quarks:
LVQ,mass = − yU ′vuU¯LU ′R − yD′vdD¯LD′R − y˜U ′vuU¯ ′LUR − y˜D′vdD¯′LDR
−MQU¯LUR −MQD¯LDR −MU ′U¯ ′LU ′R −MD′D¯′LD′R + h.c.
= −
(
U¯L
U¯ ′L
)T(
MQ yU ′vu
y˜U ′vu MU ′
)(
UR
U ′R
)
−
(
D¯L
D¯′L
)T(
MQ yD′vd
y˜D′vd MD′
)(
DR
D′R
)
+ h.c. . (23)
The mass matrices can be diagonalised by independent rotations of the left- and right-
handed components of the vector-quarks. Substituting(
D
D′
)
L,R
=
(
cosϕDL,R − sinϕDL,R
sinϕDL,R cosϕ
D
L,R
)(
D1
D2
)
L,R
,
(
U
U ′
)
L,R
=
(
cosϕUL,R − sinϕUL,R
sinϕUL,R cosϕ
U
L,R
)(
U1
U2
)
L,R
, (24)
6Three of the complex phases can be absorbed by redefining the vector-quark fields Q, U ′ and D′.
The remaining phase may be absorbed into one of the Higgs doublets, but then it introduces, in general,
CP violation in the Higgs sector.
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Figure 10: Vector-quark contributions to the A → WW decay amplitude. The indices i, j
and k run from 1 to 2.
one sees that the mass matrices become diagonal if
tU,DL−R ≡ tan(ϕU,DL − ϕU,DR ) =
vu,d(y˜U ′,D′ − yU ′,D′)
MQ +MU ′,D′
,
tU,DL+R ≡ tan(ϕU,DL + ϕU,DR ) =
vu,d(y˜U ′,D′ + yU ′,D′)
MQ −MU ′,D′ . (25)
The mass eigenvalues are
mU1,2 =
1
2
[√
(MQ +MU ′)2 + v2u(yU ′ − y˜U ′)2 ±
√
(MQ −MU ′)2 + v2u(yU ′ + y˜U ′)2
]
,
mD1,2 =
1
2
[√
(MQ +MD′)2 + v2d(yD′ − y˜D′)2 ±
√
(MQ −MD′)2 + v2d(yD′ + y˜D′)2
]
.
(26)
The couplings of the pseudoscalar Higgs boson A and of the W and Z bosons to the
mass eigenstate vector-quarks U1,2, D1,2 are given in appendix A.
For the A → WW,ZZ partial widths there are several suppression mechanisms
at work here. First note that for yU ′,D′ = ±y˜U ′,D′ the Yukawa interactions of the
vector-quarks become parity-conserving7 and, therefore, they do not contribute to A→
WW,ZZ at one-loop. If both y˜U ′,D′ − yU ′,D′ and y˜U ′,D′ + yU ′,D′ are large, (25) tells us
that either ϕU,DL or ϕ
U,D
R approaches 0 or π/2. Then many (but not necessarily all)
diagrams of Fig. 10 and 11 get suppressed by sine or cosine factors of the mixing angles
in the couplings.
The vector-quark contributions to A→ WW and A→ ZZ are shown in Fig. 10 and
11, respectively. In addition to the suppression mechanisms discussed above there are
other cancellations. While the “diagonal” couplings between A and the vector-quarks
(AU1U¯1, AD1D¯1 etc.) are pure pseudoscalar, the “off-diagonal” couplings (AU1U¯2,
AD1D¯2 etc.) have scalar and pseudoscalar Lorentz structure. Yet the contributions
of the scalar terms to the form factor f3,V V ′ from (1) must cancel, and this is seen
by observing that these terms change sign if the fermion flow in the loop is reversed.
7If yU ′,D′ = +y˜U ′,D′ this is immediately obvious. If yU ′,D′ = −y˜U ′,D′ the minus signs can be
absorbed into U ′R and D
′
R.
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Figure 11: Vector-quark contributions to the A → ZZ decay amplitude. The indices i, j
and k run from 1 to 2.
There are further cancellations between the pseudoscalar terms. For example, forMQ =
MU ′ = MD′ the A→ ZZ diagrams with only one type of vector-quark in the loop cancel
exactly in the limit of large MQ.
To control the various suppression mechanisms, we invert (25) and (26) and use the
following quantities as independent parameters:
MQ , t
U
L−R , t
U
L+R , mU2 , t
D
L−R , t
D
L+R , mD2 . (27)
Using the invariance under the transformations (22) we may limit ourselves to the case
tUL−R, t
D
L−R, t
D
L+R > 0 . (28)
Note that tUL+R can still be negative.
Let us now come to the numerical analysis. Throughout the following discussion we
set
β − α = π
4
, MQ = 1TeV . (29)
Our choice for α assures that the HV V Born vertices are not suppressed. We will first
discuss a scenario where the pseudoscalar Higgs boson is too light to decay into vector-
quarks. In this case the leading contributions to the H and A total widths are again
the decays (8). As in the case of the 2HDM with a 4th generation the contributions
of the new heavy quarks to the partial widths of H → gg and A → gg have to be
taken into account, too. We further distinguish between scenarios with small or large
values of tan β. The contributions of vector-quark loops to A → WW and A → ZZ
decays generally saturate if the magnitude of the t parameters (25) is larger than 10.
The biggest corrections were found for tDL−R, t
D
L+R, t
U
L−R & 10 and t
U
L+R . −10. Unless
stated otherwise, we therefore choose for our numerical analysis
mU2 = mD2 = 320GeV, t
D
L−R = t
D
L+R = t
U
L−R = 10, t
U
L+R = −10 . (30)
Fig. 12 shows, for mA = 250 GeV, the A→ WW and A→ ZZ branching ratios as
functions of tUL−R for tanβ = 0.2 and different values of t
U
L+R. Note that for small values
of tan β the couplings between A and the D-type vector-quarks are suppressed. As a
result, only the diagrams with U -type vector-quarks are relevant for the A→ ZZ decay
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Figure 12: Results for the A → ZZ (left) and A → WW (right) branching ratios in the
2HDM with vector-quarks for the parameters from (29) and (30), mA = 250 GeV, tan β = 0.2
and different values of tUL+R as functions of t
U
L−R.
in this case and the partial width only depends on the U -type t parameters tUL+R and
tUL−R. The biggest contribution to the A→ ZZ partial width is, however, due to the top-
quark loop, while the contributions from vector-quark loops are one order of magnitude
smaller. Consequently the value of the branching ratio is almost the same as the one in
Sect. 2.1 and the dependence on the t parameters is very weak. The smallness of the
vector-quark corrections to the A → ZZ decay is mainly due to the relation between
the Yukawa couplings and the mixing angles: whenever a Yukawa coupling gets large,
some other mixing-angle dependent factor in the couplings gets small.
For the WW final state the diagrams contain both U and D-type vector-quarks and
therefore depend on the U -type mixing angles, too. For large Yukawa couplings the
vector-quark contributions to the A → WW decay are then dominated by just a few
diagrams, where the suppression by mixing angles can be avoided altogether. As a result
they can be much larger than the corrections to the A → ZZ decay. For small tanβ
they can be of the same order as the contributions from SM fermion loops. As Fig. 12
shows, the branching ratio can then reach up to about 2%, i.e. more than twice its
corresponding value in the 2HDM of Sect. 2.1. For both the ZZ and WW final state we
observe that the vector-quark loop contributions can partially cancel the contributions
from SM fermion loops for tUL+R < 0, while for t
U
L+R > 0 they always add.
As discussed in Sect. 2.1, the contributions of SM fermion loops to the A→WW,ZZ
partial widths drop by several orders of magnitude if we increase tanβ. Like in the
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Figure 13: Results for A → WW,ZZ branching ratios in the 2HDM with vector-quarks
for mA = 250 GeV, tan β = 5 and the parameters from (29) and (30). Left: the A → ZZ
branching ratio for different values of tDL+R as functions of t
D
L−R. Right: the A → WW
branching ratio for different values of tUL+R as functions of t
U
L−R.
2HDM with a 4th generation of chiral fermions, the contributions of the vector-quark
loops get large for small and large values of tan β if the U and D-type vector-quark
masses are of the same order. Consequently, for large tanβ, the dominant contributions
to the A → WW,ZZ partial widths come from the vector-quark loops. Fig. 13 shows
the A→WW,ZZ branching ratios for tanβ = 5. Here the contributions from diagrams
where the A couples to U -type vector-quarks are negligible and consequently the A→
ZZ branching ratio is insensitive to the U -type t parameters tUL+R and t
U
L−R. The left
plot in Fig. 13 shows the branching ratio for A→ ZZ as a function of tDL−R for different
values of tDL+R. It does not exceed 2× 10−6.
The right plot in Fig. 13 shows the branching ratio for A → WW as a function of
tUL−R for different values of t
U
L+R. The branching ratio gets largest for t
U
L+R < −10 and
tUL+R, t
U
L−R > 10 and reaches approximately 0.12%. The dominant diagram for t
U
L+R < 0
is diagram (b) from Fig. 10 with (i, j, k) = (1, 1, 2). For tUL+R > 0 it is diagram (b) with
i = j = k = 1, 2. By varying tDL+R and t
D
L−R the scale of the curves changes while their
shape stays essentially the same. However, the resulting values of the branching ratios
do not exceed ∼ 0.12%. As for the dependence on particle masses we observe that the
A → WW partial width is virtually independent of the lightest vector-quark masses
mU2 and mD2, while the partial width for the ZZ final state increases by one order of
magnitude if we set mD2 = 200GeV. Again, the shapes of the curves in the left plot of
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Fig. 13 stay the same if we change mD2.
Let us now have a look at the dependence of the branching ratios on the mass of the
decaying particles. We will only discuss the case tanβ = 5 where the A → WW,ZZ
partial widths are dominated by vector-quark loops. For small tan β these contributions
show a similar behaviour, and the mA dependence of the SM fermion loop contributions
was discussed in Sect. 2.1. The curves of Fig. 13 simply scale if we change mA while
their shape stays essentially the same. It is therefore sufficient to plot the A branching
ratios as functions of mA for a few selected combinations of the parameters (27). Fig. 14
shows the A and H branching ratios into WW and ZZ for the assignments (29), mU2 =
mD2 = 320GeV, and different combinations of the t parameters.
Sufficiently heavy H , A will also decay into the lightest U - andD-type vector-quarks:
H,A→ U2U¯2, D2D¯2. For large tan β the decay H → U2U¯2 decay is strongly suppressed
and the total width of H depends only on the D-type t parameters. As a result the
three graphs for B(H → WW ) are essentially identical because tDL+R and tDL−R are held
fixed in the right column of Fig. 14. Below the vector-quark threshold the H → ZZ
branching ratio depends on the t parameters only through the contributions of vector-
quark mediated H → gg decays to the total width. Since the H → gg channel is
subdominant for large tanβ, the H → ZZ branching ratio is not very sensitive to the
t parameters below the vector-quark threshold. Above that threshold it drops off more
quickly for small values of tDL+R. Furthermore, the H → WW and H → ZZ branching
ratios both drop by one order of magnitude at mH = 320GeV. This corresponds to
the opening of the H → hh decay channel, which is strongly enhanced by the factor
1/ sin(2β) in the Hhh vertex. As already discussed in Sect. 2.1 , this enhancement is
not a necessary feature of the model. The ratios B(A→WW,ZZ) drop by an order of
magnitude for mA > 2mQ2.
Fig. 15 shows the total widths of H and A as a function of mH,A for tanβ = 5.
As we have allowed for an enhanced Hhh coupling, the width ΓH increases rapidly for
mH > 2mh. The width ΓA of the pseudoscalar ΓA . 20 GeV below the vector-quark
production threshold which we put 2mQ2 = 640 GeV. Above this threshold and for
strong AQ2Q¯2 coupling, ΓA increases dramatically and the perturbative result displayed
in Fig. 15 becomes unreliable. Yet, we emphasize that a significantly higher Q2Q¯2
threshold would not change our results on B(H,A → V V ) below mH,A ≤ 2mQ2 in an
essential way.
In summary, for tan β = 5 we find B(A → WW ) . 10−3 and B(A → ZZ) . 10−4.
As shown above B(A→WW ) can become an order of magnitude larger for tan β ∼ 0.2.
The ratio RW can become ∼ 10% if the H → hh channel is open and enhanced but the
decay A→ tt¯ is kinematically forbidden.
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Figure 14: The H (first row) and A (second row) branching ratios in the 2HDM with vector-
quarks for tan β = 5 and the parameters from (29) and (30) as functions of the mass of
the decaying particle. Left column: the branching ratios for the ZZ final state for different
combinations of tDL+R and t
D
L−R. Right column: the branching ratio for the WW final state
for different combinations of tUL+R and t
U
L−R. In the plot for B(H → WW ) all three graphs
lie on top of each other.
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Figure 15: The total widths of H and A in the 2HDM with vector-quarks for tan β = 5 and
the parameters from (29) and (30) as functions of the particle mass.
2.5 Top-color assisted technicolor
An alternative to the Higgs mechanism is EWSB triggered by the condensation of (new)
fermion antifermion pairs. Phenomenologically viable models of this type include models
based on the concept of top-color assisted technicolor (TC2) [4, 18]. These models have
two strongly interacting sectors in order to explain EWSB and the large top-quark mass.
Technicolor interactions (TC) are responsible, via the condensation of techni-fermions,
〈T¯ T 〉 (T = U,D), for most of EWSB, but they contribute very little to the top-quark
mass mt, while top-color interactions generate through condensation of top-quark pairs,
〈t¯t〉, the bulk of mt but make only a small contribution to EWSB. The spin-zero states
of the model are bound-states of the techni-fermions and of t, b. These two sets of
bound-states form two SU(2)L doublets ΦTC ,Φt, whose couplings to the weak gauge
bosons and to t and b are formally equivalent to those of a two-Higgs doublet model.
The physical spin-zero states are i) a heavy neutral scalar HTC with a mass of order
1 TeV, ii) a neutral scalar Ht which is a t¯t bound state whose mass is expected to be
of the order mHt ∼ 2mt when estimated a` la Nambu-Jona-Lasinio, but could in fact
be lighter [40], and iii) a neutral “top-pion” Π0 and a pair of charged ones, Π±, whose
masses are predicted to lie in the range of 200 - 300 GeV [18, 41].
The couplings of spin-zero states to the weak gauge bosons and to the t and b quarks
can be obtained from an effective SU(2)L ×U(1)Y invariant Lagrangian involving the
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mφ [GeV]: 200 300
ΓHt [GeV]: 0.072 0.375
ΓΠ0 [GeV]: 0.088 0.500
Table 1: The total widths of φ = Ht,Π
0 for two values of mφ and fπ = 40GeV.
doublets ΦTC ,Φt [42]. The interactions of the top quark with Ht and Π
0 are given by:
LY,t = − Yt√
2
t¯t Ht − Yπ√
2
t¯iγ5tΠ
0 , (31)
where Yπ = (YtvT − εtfπ)/v and (Ytfπ + εtvT )/
√
2 = mt. Here fπ denotes the value of
the top-quark condensate which is estimated in the TC2 model to lie between 40GeV .
fπ . 80GeV [18, 42]. Once fπ is fixed, vT is determined by the EWSB requirement that
f 2π + v
2
T = v
2 = (246GeV)2. The parameter εt denotes the technicolor contribution to
the top mass which is small, by construction of the TC2 model, and we may henceforth
safely put εt = 0. The large top-quark mass thus amounts to large top Yukawa couplings
Yt, Yπ, e.g., Yt ≃ Yπ ≃ 4 for fπ ≃ 60 GeV. The couplings of Ht and Π0 to b quarks are,
on the other hand, significantly suppressed as compared with the SM Higgs bb¯ coupling.
By construction, the top-color interactions do not generate a direct contribution to the
mass of the b quark. The bulk of mb is assumed to be due to technicolor interactions.
Disregarding top-color instanton effects, the tree-level Htbb¯ coupling is in fact zero, and
the coupling of Π0 to b quarks is given by
LY,b = −εb fπ√
2v
b¯iγ5bΠ
0 , (32)
where εb = mb
√
2/vT . With mb = 4.8GeV and fπ ≤ 80GeV one gets εb ≤ 0.03.
In the following we consider top-pions Π0,± with masses mΠ0 = mΠ+ in the range
between 200 GeV and 400 GeV and choose, for reasons of comparison, the mass of Ht
to lie in the same range. As the “technicolor Higgs” boson HTC is much heavier than
Π0,± and Ht, it plays no role in the decays of Π
0 and Ht.
While the decays Ht →WW,ZZ occur already at Born level with couplings hWW =
hZZ = fπ/v (cf. Eq. 4), the corresponding decays of Π
0 are loop-induced and the
amplitudes are completely dominated by the strong Π0t¯t coupling, i.e., by the diagrams
that correspond to Fig. 1 (b) and 2 (b), respectively. This is also the case for the
Ht,Π
0 → gg decays. As emphasized above the decays Π0 → bb¯ are strongly suppressed
and Ht → bb¯ is absent at tree-level.
For mΠ ≤ 2mt the total rate ΓΠ0 , given in Table 1, is dominated by Π0 → gg. Below
the tt¯ threshold the channel Ht → gg contributes also a significant portion to ΓHt . If
2mV < mHt ≤ 2mt then B(Ht → gg) ≤ 45% for fπ ≥ 40 GeV.
As a consequence of these features, the branching ratios B(Π0 → WW,ZZ) are
essentially independent of fπ, while B(Ht → WW,ZZ) increase with increasing fπ,
namely by about a factor of two if fπ is changed from 40GeV to 80GeV.
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Figure 16: The TC2 branching ratios of the decays of Π0 and Ht into WW (left) and ZZ
(right) final states as functions of the respective mass (φ = Π0,Ht), for fπ = 40GeV.
Fig. 16 shows the branching ratios B(Ht,Π
0 → WW/ZZ) as functions of the mass
of the respective spin zero resonance, for fπ = 40GeV. Once the tt¯ threshold is crossed,
there are sharp drops, because the decays into tt¯ then dominate the total widths of both
Π0 and Ht. For masses below the tt¯ threshold, which are preferred by model predictions
[18, 41], we thus obtain B(Π0 →WW ) . 2× 10−2, B(Π0 → ZZ) . 10−3 and the ratios
RW . 0.07, RZ . 0.007.
3 Summary and Conclusions
In this paper we addressed two questions: Assuming the existence of a non-standard
EWSB sector with a spin-0 (Higgs) resonance spectrum which includes a pseudoscalar
A with mass mA & 200 GeV, we investigated whether the decays A → WW/ZZ can
have branching ratios at the percent level and analysed the size of B(A → WW/ZZ)
relative to the respective branching ratio of a scalar boson H with mass mH ≃ mA. We
analyzed this in the context of the MSSM, in non-supersymmetric type-II two-Higgs
doublet extensions of the SM without and with additional heavy fermions, and in TC2.
For the MSSM we confirmed what is known in the literature, i.e., that the A →
WW/ZZ are rare. But also the branching ratios B(H → WW/ZZ) can be below the
per mill level in the scenario discussed in Sect. 2.2. In the three-generation 2HDM and in
the corresponding models with an additional 4th sequential fermion generation or heavy
vector-like quarks the branching ratio B(A→WW ) can reach about 2% for mA ≤ 2mt,
while B(A→ ZZ) . 10−3. In this case the total width ΓA is dominated by A→ gg and
A → Zh (if kinematically possible) while A → bb¯, τ−τ+ are suppressed. The tree-level
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couplings HV V can be severely suppressed, which implies small B(H → WW/ZZ)
and ratios RW,Z (5) of order one – but this amounts to fine-tuned parameters α and β.
Even if the HV V Born couplings are not suppressed, B(H → WW ) and B(H → ZZ)
may not exceed ∼ 10% below the tt¯ threshold if H → hh is kinematically possible
and enhanced. In TC2 models the latter decay mode is absent. If a composite scalar
resonanceHt below the tt¯ threshold exists, it will predominantly decay into gg,WW,ZZ.
We obtain B(Ht → WW ) . 0.4 and B(Ht → ZZ) . 0.1. The neutral pseudoscalar
resonance Π0 with mΠ ≤ 2mt decays dominantly into gluons; B(Π0 → WW ) . 0.02
and B(Π0 → ZZ) . 10−3.
In view of these results one may resume the issue raised in the introduction, whether
the discovery of a spin-zero resonance φ in the WW and/or ZZ channel allows the
conclusion that this particle has JPC = 0++ – prior to performing the tests proposed in
[3, 10, 11, 12, 13, 14, 15, 16, 17]. Our findings suggest the following: If φ → WW,ZZ
are dominant decay channels then it is very likely that φ is a scalar. If these modes are
suppressed as compared to other channels, there is a non-negligible probability that φ
is a pseudoscalar. Of course, these CP tests – and other CP tests in φ→ tt¯, τ−τ+ (see
.e.g., [3, 43, 44]) – are eventually indispensable in order to establish whether or not φ is
a true CP eigenstate.
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A Feynman Rules for the Vector-Quark Model
In this appendix we list the Feynman rules for the 2HDM model with vector-like quarks,
which we discussed in section 2.4. We list only the couplings of vector-quarks to H , A,
W and Z. In the rules given, all particles flow into the vertex. In the case where two
vertices are related by a hermitian conjugation, only one representative is shown. As
usual, PR,L = (1± γ5)/2.
A.1 Yukawa Couplings of H to Vector-Quarks
H U2 U¯2:
isα√
2
(
cURs
U
LyU + c
U
Ls
U
Ry˜U
)
H U2 U¯1:
isα√
2
[(
sULs
U
RyU − cULcURy˜U
)
PL +
(−cULcURyU + sULsURy˜U)PR]
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H U1 U¯1:
− isα√
2
(
cULs
U
RyU + c
U
Rs
U
L y˜U
)
H D2 D¯2:
icα√
2
(
cDRs
D
L yD + c
D
L s
D
R y˜D
)
H D2 D¯1:
icα√
2
[(
sDL s
D
RyD − cDL cDR y˜D
)
PL +
(−cDL cDRyD + sDL sDR y˜D)PR]
H D1 D¯1:
− icα√
2
(
cDL s
D
RyD + c
D
Rs
D
L y˜D
)
A.2 Yukawa Couplings of A to Vector-Quarks
A U2 U¯2:
cβ√
2
(
cURs
U
LyU − cULsURy˜U
)
γ5
A U1 U¯2:
cβ√
2
[(
cULc
U
RyU + s
U
Ls
U
Ry˜U
)
PL +
(
sULs
U
RyU + c
U
Lc
U
Ry˜U
)
PR
]
A U1 U¯1:
cβ√
2
(−cULsURyU + cURsUL y˜U)γ5
A D2 D¯2:
sβ√
2
(
cDRs
D
L yD − cDL sDR y˜D
)
γ5
A D1 D¯2:
sβ√
2
[(
cDL c
D
RyD + s
D
L s
D
R y˜D
)
PL +
(
sDL s
D
RyD + c
D
L c
D
R y˜D
)
PR
]
A D1 D¯1:
sβ√
2
(−cDL sDRyD + cDRsDL y˜D)γ5
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A.3 Couplings of W to Vector-Quarks
W+µ D2 U¯2:
− ie√
2sW
γµ
(
sDL s
U
LPL + s
D
Rs
U
RPR
)
W+µ D1 U¯2:
ie√
2sW
γµ
(
cDL s
U
LPL + c
D
Rs
U
RPR
)
W+µ D2 U¯1:
ie√
2sW
γµ
(
cULs
D
LPL + c
U
Rs
D
RPR
)
W+µ D1 U¯1:
− ie√
2sW
γµ
(
cDL c
U
LPL + c
D
Rc
U
RPR
)
A.4 Couplings of Z to Vector-Quarks
Zµ U2 U¯2:
ie
cWsW
γµ
[(
2
3
s2W − 12
(
sUL
)
2
)
PL +
(
2
3
s2W − 12
(
sUR
)
2
)
PR
]
Zµ U1 U¯2:
ie
2cWsW
γµ
(
cULs
U
LPL + c
U
Rs
U
RPR
)
Zµ U1 U¯1:
ie
cWsW
γµ
[(
2
3
s2W − 12
(
cUL
)
2
)
PL +
(
2
3
s2W − 12
(
cUR
)
2
)
PR
]
Zµ D2 D¯2:
− ie
cW sW
γµ
[(
1
3
s2W − 12
(
sDL
)
2
)
PL +
(
1
3
s2W − 12
(
sDR
)
2
)
PR
]
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Zµ D1 D¯2:
− ie
2cW sW
γµ
(
cDL s
D
LPL + c
D
Rs
D
RPR
)
Zµ D1 D¯1:
− ie
cW sW
γµ
[(
1
3
s2W − 12
(
cDL
)
2
)
PL +
(
1
3
s2W − 12
(
cDR
)
2
)
PR
]
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